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ABSTRACT 

The four-spacecraft, magnetic field measurements on 
Cluster can produce an accurate determination of the 
electric current point by point in time (the 
Curlometer technique). For example, for planar 
events, the thickness of the current layer can be 
accurately estimated from its magnetic profile at each 
spacecraft and the corresponding boundary crossing 
times. The latter give a determination of boundary 
motion relative to the Cluster array. For a range of 
spacecraft separation distances, the estimate of 
electric current density can be representative even 
when the configuration of Cluster spacecraft 
approaches the thickness of the current layer. The 
magnitude of the current is often accurately 
represented and in principle can be tracked through 
any structure. Minimum variance analysis on the 
curlometer measurements can be used to estimate the 
normal to a current layer. Other methods exist which 
are based on estimation of the magnetic gradients, 
curvature, or temporal derivative. These methods can 
be used to calculate a number of other properties, 
such as the dimensionality of the structure and the 
corresponding velocity, the field curvature, or 
boundary normals, but have the commonality of 
providing a quantity at every moment in time, like 
the curlometer. 

1.     INTRODUCTION 

Until the advent of the four spacecraft Cluster 
mission [Space science reviews, 1997], direct 
measurement of spatial gradients, and the vector 
current density in particular, have not been possible. 
In the case of boundary layers, the spatial array of 
Cluster spacecraft also allows the local geometry and 
spatial extent to be determined so that the multi-point 
data allows a direct comparison of the current within 
the boundary layer as it is traversed. The four Cluster 

spacecraft were launched in pairs on two Soyuz 
rockets on the 16th July and the 9th August 2000 and 
were placed into eccentric (4 RE x 19.6 RE), inertial, 
polar orbits. Throughout a year, the orbit covers the 
dayside magnetopause at high latitude near local 
noon and low latitude near the dawn and dusk flanks. 
The spacecraft fly in an evolving configuration, 
which repeats every orbit (apart from minor 
perturbations), but which has been changed at 
intervals during the mission to cover a large range of 
spacecraft separation distances (100-6000 km) at the 
magnetopause. The results presented here therefore 
have been confirmed over a variety of spatial scales.  

The magnetopause boundary, for example, has been 
extensively studied for many years [e.g. 1,2,3,4,5,6]. 
Previous multi-point observations of the 
magnetopause layer, however, have primarily arisen 
only from dual spacecraft: ISEE1 and 2 [7,8] and 
AMPTE IRM and UKS [9] measurements [e.g. 
10,11,12], although estimates of the current density 
have been attempted in the past [e.g. 13]. Individual 
spacecraft crossing the magnetopause sample 
changes in the magnetic field across the current layer, 
which, in a 1-D geometry, can in principle give an 
estimate of the current magnitude in the boundary. 
These estimates, however, depend on accurate 
knowledge of the orientation and motion of the 
boundary, in order to obtain positions within the 
layer. A number of single spacecraft techniques exist 
to estimate boundary orientation and motion, but the 
four-spacecraft Cluster magnetic field measurements 
[14], used alone, have allowed direct determination 
of the boundary motion, giving accurate 
measurement of the boundary thickness and 
orientation [15]. The local current density [16] can 
also be estimated from the four spacecraft magnetic 
field measurements alone and we directly compare 
these quantities for a number of events covering 
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different spatial scales and different geometrical 
circumstances. 
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(see also [17,18]), (b) Sample comparison between 
the error in the linear curlometer estimate and the 
linear estimate of div(B) for a simple current sheet. 

A number of related four spacecraft techniques now
exist [e.g. 19,20,21], some making either a variety of 
assumptions or using other measurements. The 
magnetic field measurements, however, have proved 
to be a key dataset to unlock the Cluster multi-point 
measurements: they have provided accurate 
quantities at each point in time and provide a 
particular context for plasma measurements. The 
multi-spacecraft analysis of events, however, 
depends upon the temporal behaviour, and most 
methods assume some degree of stationarity in the 
interpretation. A key intention of this report is to 

show how robust the basic methods are (rather than 
presenting comparative analysis of the four 
spacecraft data), with the virtue of using only one 
type of measurement having extremely high 
accuracy, namely the magnetic field, which is 
supported by 
position data.  

In addition to the magnetopause current layer, we 
review the application of the curlometer to a number 
of other magnetic structures, such as FTEs, the cusp 
boundaries, the magnetotail and the ring current. A 
characteristic of the curlometer analysis is that the 
current is estimated point by point in the time series 
data, and this is a general feature of most gradient-
based analysis. We also briefly review t

2.     BASIC CURLOMETER METHOD 

The fluxgate magnetometer (FGM) experiment 
provides high time resolution magnetic field 
measurements on all four Cluster spacecraft [14] at 
22.4 Hz (normal mode) or 67 Hz (burst mode). The 
instruments are operating continuously and the data 
have been filtered and re-sampled onboard from an 
internal sampling rate of 202 Hz. The data are 
believed to be inter-calibrated to at least 0.1 nT 
accuracy overall. Here, we employ both spin 
resolution and high time resolution data where 
appropriate, which has been re-calibrated to higher 
accuracy where necessary. The time 
shown in the plots is at spin resolution. 

The discontinuity analyser (DA) technique 
determines parameters that describe the motion, 
geometry and orientation of discontinuities. The 
basic algorithm determines boundary normals at each 
spacecraft crossing point independently (using 
Minimum Variance Analysis [22], for example). It is 
applied here in the case of stationary, planar 
boundaries, where the normals are all found to be 
parallel. The boundary orientation and motion can 
then be calculated by combining the boundary 
crossing times with the spacecraft separation vectors. 
Because the normals are determined independently, 
parallel normals not only imply a planar geometry 
over the spacecraft array, but provide mutual 
confirmation of the boundary orientation (mean 
normal), which then allows

ined from 
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Figure 2: The analysis of the 26th January 2001. (a) The Cluster orbit track, projected into t
together with the configuration of the four spacecraft, enlarged by a factor of 20 at interva
Magnetopause and bow shock curves are shown at the high of the orbit track and for the o
pressure, as indicated. (b) The computed current estimate from the curlometer, projected into 
orbit track (given in nAm-2, scaled down by a factor of 10).  The dashed lines indicate the ex
the orbit within which the magnetopause is encountered.  The magnetopause moves inward a
times during the interval, resulting in the bursts of current which are apparent from the p
current density calculation for a thin current sheet (~100 km) on the 2nd March 2002. 
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sheet). Once any change in velocity has been found, 
each traversal time through the current layer can be 
scaled to a boundary thickness (at each spacecraft). 

The first application of the curlometer technique to 
Cluster data has been reported by [16]. As shown in 
Figure 1(a), the method combines simultaneous, 
vector magnetic field data from each spacecraft with 
the spacecraft positions to calculate the curl of the 
magnetic field from Ampère’s law (giving an 
estimate of the average current density through the 
spacecraft configuration), using the difference 
approximation 

µ0J⋅(∆ri ∧ ∆rj)= ∆Bi⋅∆rj- ∆Bj ∆ri  ⋅
{ }∫ ∫ ⋅=⋅ lBsJ dd0   :ngrepresenti µ  

with ∆ri≡ri-r1, and similarly ∆Bi≡Bi-B1, giving the 
average current normal to each face (1,i,j) of the 
spacecraft tetrahedron. Since each face is known by 
∆ri ∧ ∆rj, the currents normal to three faces can be re-
projected into a Cartesian co-ordinate system. It is 
also possible to calculate an estimate for div(B), from 

div(B)| ∆ri⋅∆rj∧∆rk|=|∑cyclic∆Bi⋅∆rj∧∆rk|, 

which produces non zero values, partially as a 
consequence of non-linear spatial gradients neglected 
in its estimate. This quantity therefore usefully 
measures an effect of the linear approximation and 
we use it as a monitor of this error. Figure 1(b) shows 
an illustration of the comparison between the 
estimate of div(B) and the actual error in the 
approximation for a simple current sheet model. For 
other, more complex, structures and for non regular 
configurations, div(B) is often less useful as an 
estimator. 

3.     MAGNETOPAUSE ANALYSIS  

3.1    Establishing the MP current 

We first demonstrate that the curlometer technique is 
able to consistently estimate the magnetopause 
current using an example taken from 26th January 
2001. The top left-hand panel in Figure 2 shows the 
spacecraft configurations (enlarged by a factor of 20) 
along the orbit which correspond to an outbound pass 
through the dayside magnetopause, crossing at high 
(~9.5 RE) latitude on the dusk-side of the cusp, as 
shown. In this Figure (and the others showing the 
orbit track) the dots along the orbit are at hour 
intervals. The mean spacecraft separation distance 
was 600 km. These data have been reported by 
[24,25,26] and exhibit a key interval of repeated 
boundary layer crossings as a result of inward and 
outward motion of the magnetopause between 10 and 

11 UT (which has a mean thickness of ~1200 km and 
mean speed of ~25 km/s).  

(a)  

(b)  

20:00-20:30 UT 

Figure 3: The analysis of the 11th June 2001, 
showing (a) a plot of the curlometer estimate of GSM 
components of the current (top three panels), the 
estimate of div(B) and the total magnetic field from 
all four spacecraft to show the pairs of crossings to 
and from the magnetosphere, and (b) the orbit track 
and spacecraft configuration projected into GSM 
together with a schematic of the boundary ripples 
implied from the DA analysis. 

The right hand plot of Figure 2 shows a short 
segment of the orbit, projected into X,YGSM, with cuts 
through the model magnetopause [27], which is 
placed at 10 and 11 UT so as to represent the 
approximate range of positions along the orbit at 
which the boundary is sampled. The X,YGSM 
components of the estimated current density are 
plotted along the orbit (in nAm-2, scaled down by a 
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factor of 10) and show enhanced values within this 
interval and a clear alignment to the magnetopause 
orientation. Between 10 and 11 UT the current bursts 
correspond to repeated encounters with the 
magnetopause boundary layer, and are directed 
predominantly in the direction, consistent with a 
Chapman/Ferraro current. The mean current for this 
interval is: (-7.4, 8.4, -0.65)GSM, nAm-2. The overall 
variance in this mean current direction for all the 
crossings is ~14 deg. When the variation of the 
current vector is calculated only over the period of 
each crossing for which the magnitude is more than 
60% of the peak current the vectors are aligned to 
within 5 deg.  

(a)  

(b)  

Figure 4: The analysis of the 5th July 2001. (a) The 
orbit track projected into GSM for the whole day, 
together with cuts through the magnetopause at the 
heights and solar wind pressure indicated. (b) A plot 
of the four spacecraft magnetic field data (top four 
panels) and GSM components of the current estimate 
(lower three panels), for a short interval containing a 
few of the magnetopause crossings observed on this 
day. 

More detailed analysis of the individual crossings 
(not included here for this event, but see below for 
other passes) shows that the slight tilting of the 
current directions from crossing to crossing is 
consistent with corresponding tilting of the local 
magnetopause direction, which then accounts for the 
size of the variance calculated above. In contrast, 
enhanced values of current after 11 UT, correspond 
to a train of FTE (flux transfer event) signatures, 
associated with the occurrence of extensive 
reconnection during the event [26] and exhibit a 
variety of orientations. The mean current for this later 
interval is: (0.06, -0.07, -0.9)GSM, nAm-2, which is an 
order of magnitude lower and directed along ZGSM 
(the mean flux tube direction), rather than the plane 
of the magnetopause. Figure 2c shows the estimate of 
the current density, with respect to minimum 
variance co-ordinates, through one thin current layer, 
for small spacecraft separation distances (~100 km). 
At these small spacecraft separations it is often 
possible to estimate the profile of current density 
through the layer [28 and see Haaland et al., this 
issue]: the main current signature is in the maximum 
variance component within the layer, whereas the 
peak at the edge of the layer lies in the intermediate 
variance component. Both are in the magnetopause 
plane. 

3.2    Orientation to MP ripples  

Figure 3 shows a second event, which occurred as the 
spacecraft were at apogee in the dawn flank 
magnetosheath, near the equatorial plane. Figure 3b 
shows a schematic of the boundary motion, 
superimposed onto the orbit which is shown 
projected into the X,YGSM plane and in the same 
format as Figure 2. In this case the spacecraft 
configurations have been scaled by a factor of 5 and 
the mean separation distance is ~2000 km. The DA 
analysis suggests that a series of surface ripples on 
the magnetopause move tailward past the spacecraft 
array in the manner indicated, taking them fully into 
the magnetosphere on each occasion. The lower 
panel in Figure 3a shows the multi-spacecraft, 
magnetic field magnitude where the transitions from 
a quiet, 20 nT magnetospheric field to a low, 
fluctuating magnetosheath field are marked by the 
dashed lines. 

The magnetopause orientations fall into pairs for 
inward/outward crossings, represented by the green 
and blue vertical dashed lines on the plot in Figure 
3a, respectively, and match the two distinct boundary 
orientations shown in Figure 3b. The boundary 
normals are depicted by the blue arrows shown in 
Figure 3b (which represent their mean orientations) 
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and have small ZGSM components. The crossings are 
irregular and show a different velocity projection, at 
each spacecraft, along the boundary normals for the 
crossings. This motion together with transit times 
through each current layer encounter (measured from 
the turning in the maximum variance component of 
the field) can be used to estimate boundary thickness 
(see below in Table 1), but represents a projected 
tailward motion along the magnetopause for each 
crossing. The value of divB is also included in Figure 
3a to show that the value is low (~15%) at each 
crossing. 

The other panels in Figure 3b from bottom to top 
show respectively the estimate of div(B) and the 
GSM components of curl(B), JX,Y,Z. The value of 
divB is also included to show that the value is low 
(~15%) at each crossing. Although the spacecraft 
separation distances are slightly larger than the 
estimates of boundary thickness (see Table 1), it 
appears that the current density is still adequately 
sampled through each crossing to confirm its 
direction. In fact, the direction of the current 
maintains its alignment to the magnetopause 
orientation which tilts from crossing to crossing. This 
can be seen from the components of curl(B), which 
change from crossing to crossing. The JX component 
is maintained for the majority of crossings, whereas 
the JY component changes such that the majority of 
the inward crossings (green dashed lines, taking the 
spacecraft back into the magnetosheath) have larger 
values than the outward crossings, which tend to 
have small JY components. This follows the 
orientations indicated for the geometry of the ripples 
(as shown by the arrows in Figure 3a). The JZ 
component is less significant for magnetopause 
alignment since the normals lie nearly in the X,YGSM 
plane. Thus, even for this event, where the 
magnetopause current layer is poorly matched in 
scale to the spacecraft separation, the curlometer is 
giving a good estimate of direction.  

3.3    Scaling of the current density 

Figure 4 shows a further series of magnetopause 
crossings from a third event, on the 5th July 2001. 
The Cluster orbit skirted the dawn flank 
magnetopause during this day, maintaining a position 
relative to the boundary, which moved from high to 
low-latitudes (as shown in Figure 4a). This location 
provided a number of magnetopause crossings for a 
large fraction of the day and the interval shown in 
Figure 4b represents a few crossings from this set. 
The Figure shows the magnetic field in the top four 
panels and the curlometer estimate in the bottom 
three, all in GSM.  

Distinct from the previous event and given the 
spacecraft separations and estimated motion 
determined from the DA technique, these crossings 
represent small amplitude (<1 RE), inward and 
outward motions of the magnetopause, providing a 
sequence of crossings with almost parallel 
orientations. The bursts of current in the lower three 
panels reflect this common orientation by 
maintaining a common direction, aligned to the 
magnetopause plane. It should be noted however, 
that in this event the scale size of the boundary layer 
is smaller compared to the cluster separation distance 
(see below) and we expect a less close quantitative 
comparison between the current magnitude and 
direction. The current signature shows both slow 
crossings, where the spacecraft array remains in the 
current layer for longer so that the enhanced value of 
curl(B) remains for several minutes, and fast 
crossings, where the curl(B) profile shows a short 
spike.  

 

Figure 5: A scatter plot of the results in the table, 
showing the estimated magnetopause current 
(∆B/∆D) against the curlometer calculation (J). 

These slow and fast crossings are listed in Table 1, as 
indicated by their mean velocities. Table 1, quantifies 
the results and summarises both the 11th June 2001 
event and a selected set of crossings from 5th July 
2001. These crossings have been analysed in detail 
and shows the estimated thickness of the current 
layer for each crossing, together with the current 
density estimates.  The columns show respectively 
the event times and the crossing label (referring to 
‘in’ and ‘out’ for the dashed lines in Figure 3 and to 
‘mp’ for the dashed lines in Figure 4). From left to 
right the remaining columns show: the mean MVA 
normal and velocity (in km/s) from the DA technique; 
the corresponding timing normal and velocity (in 
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km/s); the average current across the current layer, 
estimated from the curlometer (in nA/m2); the change 
in the maximum variance component of the magnetic 
field across the magnetopause (in nT), and the 
estimated thickness of the current layer at each 
spacecraft from the DA technique (in km). The 
timing normals, shown for comparison, assume 
constant velocity, which is often not true for these 
crossings. Consequently, they highlight the 
sensitivity in the DA analysis to compute boundary 
motions, and therefore the scaling of the current 
thicknesses. These estimates, however, show good 
stability for all the crossings shown. 

The results confirm that the thickness of the current 
layer is effectively constant while being sampled by 
the spacecraft array, the small variations being within 
the estimated errors. This thickness can be used to 
compute an average current density in the 
magnetopause from ∆B/∆D, where ∆B and ∆D are 
taken from Table 1. This can then be compared to 
µ0|J|. For each crossing, the variation of the current 
follows this ratio within 15% uncertainty (worst 
case).  

Moreover, the estimate of the current vector lies 
nearly perpendicular to the DA-normals also shown 
in the table and therefore lie parallel to the 
magnetopause boundary, to within the same 
uncertainty. The tilting of the boundary ripples in the 
first event, in particular, can also be seen in both the 
current vector and the DA normals. We do not expect 
such close quantitative agreement in the case of the 
second event where the relative scale size of the 
boundary is smaller (thinner), but although the errors 
appear to be larger, there is evidence that the scaling 
of the curlometer current follows that of ∆B/∆D as 
before.  

These quantitative results can be read off the profiles 
observed in Figure 4 in particular, where the ∆B 
clearly changes from crossing to crossing, reflecting 
mainly the changing ∆D. The mean currents for each 
of the crossings indicated by the dashed lines are 
given in Table 1. The variance in these currents is 
<30 deg, reflecting the less accurate calculation of 
the curlometer in this case. Figure 5 shows a scatter 
plot of the results given in Table 1, and compares the 
two estimates of current from the curlometer and 
∆B/∆D (magnetopause current), with appropriate 
scaling for the thickness estimates. The values of 
magnetopause current for the higher current values 
can be seen to be slightly over estimated. 

(a)  

 

(b) 

(c)  

Figure 6: The magnetopause traversal on the 26 
January 2001, also shown in Figure 2, showing (a) 
the multi-point magnetic field data for the pass, (b) 
the overview of the magnetosheath FTE signatures 
and (c) the low resolution current structure in one 
FTE in both GSE and minimum variance 
coordinates, showing the alignment to the flux tube 
axis. 
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(a)

 

(b) 
Figure 7: Identification of the current layer at the 
inner and outer cusp boundaries for 
the 

a cusp entry on 

4.1     FTE currents 

The event already shown in the previous section, 26 
January 2001, also contained a large number of FTE 

of ongoing 
ng the pass. The event has been 

 workers [e.g. 26,25,29 and 
e]. Figure 6a shows the multi-

E at 
11:32 UT has been studied in detail by Robert et al., 

agnitude for the cusp 
hows the corresponding bursts 
by the curlometer. The outer 

13 February 2001: (a) Orbit configuration, (b) 
curlometer analysis. 

4.      CURLOMETER FOR OTHER 
STRUCTURES 

signatures associated with a period 
reconnection duri
analysed by several
Robert et al., this issu
point magnetic field data for the whole pass, 
including a large scale FTE in the magnetosheath at 
11:32 UT. Figure 6b shows this FTE and the earlier 
train of FTE signatures, all occurring between 11:10 
and 11:40 UT, together with the energetic particle 
signatures. Each FTE, identified by its bipolar 
signature in the BN component, contains an axially 
aligned current signature and an enhanced flux of 
out-flowing energetic ions. The axis of the implied 
flux tubes can be found either by MVA analysis of 
the FTE signature, or by minimisation of the current 
density [28,29], employing the condition that 
div(curl(B))=0, and the four spacecraft timing 
information (or other methods) can estimate the 
motion of each FTE. All these FTEs are consistent 
with northward moving flux tubes, connected to the 
northern cusp, with similar alignments. Figure 6c 
shows the low resolution current signature for one of 
these FTEs, in both GSE and MVA coordinates. 

The analysis shows that the main current within the 
FTE is flowing along the axis of the inferred flux 
tube. The two lower panels show that both MVA and 
the minimisation of the current produced similar 
estimates of the true flux tube axis. The large FT

[this issue], at high time resolution and the current 
profile obtained suggests that the main current lies at 
the edge of the flux tube and is consistent with a 
force free current structure, which is modelled with a 
double tubular cross-section. 

4.2     Cusp currents 

Figure 7 shows and example of the current signatures 
seen at both the inner and outer cusp boundaries [30]. 
Figure 7a shows the orbit configuration and multi-
spacecraft magnetic field m
entry and Figure 7b s
of current estimated 
boundary between the magnetosheath and the low 
field region of the cusp, at 20:00 UT, exhibits 
properties similar to those appropriate for a rotational 
discontinuity and is associated with a corresponding 
ion jet, consistent with that expected for a 
reconnection layer geometry. The inner boundary at 
20:07 UT also shows that a significant current layer 
exists between the cusp and the lobe region of the 
magnetosphere. A partial encounter at 20:12 UT also 
contains a similar current signature. 
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Figure 8: The confirmation of the westward ring 
current for a set of perigee passes covering a range 
of local time and latitude. 
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Figure 9: An example of the curlometer signature 
associated with the magnetotail current sheet. 

4.3     The ring current 

The properties of the magnetospheric ring current 
have also been monitored using the curlom
technique [31]. These results show that an azimu
(westward) current is maintained at the equator 
which evolves into a field aligned current at 
plasma sheet boundary. The signatures are limited 
the spacecraft configuration, but give good estim
for the current components perpendicular to 
background field.  A statistical study has also 
performed and this gives a clear confirmation of the 
ring current extending over different latitudes, 
indicated by Figure 8. 

4.4     The magnetotail 

The curlometer has also been extensively applied to 
the magnetotail current sheet (see other reports in this 
issue) and an example of 
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Figure 9 which occurred during an active period of 
current disruption associated with a near earth neutral 
line formation on the 11th August 2002. This 
signature correlates with the energetic electron 
signatures observed during the crossings into the 
current sheet (top panels of Figure 9, which show the 
omni-directional flux and pitch angle distributions, 
normalised to the peak intensity in the lower panel).  
These energetic electrons show trapped (90o) 
populations in the central current sheet and field 
aligned distributions at the edges of the current sheet, 
which is interpreted as being the edge of the 
reconnection layer. The curlometer reproduces the 
cross-tail current (mainly in the JY component) and 
also suggests the existence of field-aligned currents 
(JX and Jz components), correlating with the field 
aligned electron populations. 

5.     OTHER GRADIENT ANALYSIS 

On
that e and 
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four 

pretation of this average depends upon e 
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poral interpretation. Some 

iple value decomposition 
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e important feature of the curlometer analysis is 
it provides an estimate point by point in tim

therefore accesses the temporal evolution of the 
current structure. If the properties of the data 
stationary in the sense that this observed tim
dependence represents a convective evolution 
relative to the spacecraft, the spatial form of 
current structure is well resolved by the observations. 
The curlometer measurement, however, represents 
the combination of spatial gradients across the 
spacecraft (to provide an average of the electric 
current density). Individual spacecraft have different 
locations within the current structure so that the 
inter th
temporal nature as m
extent. Linear estimates of the spatial gradients can 
be combined into a variety of other quantities 
can form other gradient
also dependent on the tem
recent analysis techniques are highlight in this 
section. 

In the general form of these methods the spatial 
gradient tensor can be used to find the rotation and 
curvature properties of the magnetic field [32], as 
well as the gradients in magnetic pressure. Gradient 
analysis has also been applied to other quantities 
such as the plasma density [33]. We illustrate here a 
simple related method, however, called the Minimum 
Directional Derivative method (MDD) [20], which is 
based on a princ

L=(∇B)(∇B)T, where ∇B is the dyadic of the 
magnetic field vector B. The analysis returns the 
maximum, intermediate and minimum eigenvalues 
and eigenvectors, λ1n1, λ2n2, λ3n3 and the separation 
of the eigenvalues defines the dimensionality of the 
structure. For example, when the maximum 
eigenvalue is large compared to the others, the 
structure is a 1-D boundary. In addition, the 
convective equation, DB/Dt+Vstr.∇B=0, can directly 
provide an estimate of the velocity of a spatial 
structure, Vstr and this can be combined with the 
MDD method to provide the velocity of 3-D, 2-D and 
1-D (boundary layer) structures. Figure 10 shows and 
example of this analysis for the thin magnetopause 
crossing on the 2 March 2002, as shown in Figure 2c. 
When all the spacecraft enter the boundary, as 
indicated by the box, λ1 is w

the boundary normal. This normal and t
along this normal (bottom panel) agrees well with 
estimates from other boundary analysis [28]. 

Figure 10: An example of the application of the 
gradient based dimensionality and motional analysis 
for the magnetopause crossing shown in Figure 2c. 
The top panel shows the magnetic field profile, the 
second panel shows the eigenvalues, the next three 
panels show the corresponding eigenvectors and the 
bottom panel shows the velocity along the normal to 
this 1-D structure. 
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6.     CONCLUSIONS 

We have shown that the magnetic field 
measurements on Cluster can produce a realistic 
determination of the electric current density at the 
magnetopause, even where the scale size of the 
Cluster configuration approaches that of the current 
layer thickness, using a series of planar 
magnetopause crossings with significant shear. The 
vector current densities have been shown to lie in the 
plane of the magnetopause boundary (to within 
15%), even during times of induced motion and 
large-scale surface ripples. This is the first time that 
in situ measurements have directly measured the 
magnetopause current. These results have depended 
upon first accurately determining the orientation and 
thickness of the current layer, using the four 

the boundary layer. The thicknesses determined here, 
for a number of crossings from the three passes, vary 
between 300-1500 km(see Table 1), which is 
comparable, for each pass, to the estimated range of 
ion gyroradii. The corresponding current densities 
range from ~9 nAm-2, for the thickest boundaries, to 
~40 nAm-2, for the thinnest. The magnetopause 
crossing speeds (not shown here) ranged from ~10-
30 km/s (at the location near local noon) to ~100-150 
km/s (at the dawn flank location). 

Knowledge of the boundary orientation and motion 
in principle allows a mapping of time to spatial 

layer (through: δx=vnδt, if x 
y normal). This allows the 

velocity estimates from the DA technique at each 
spacecraft (vn), the change in the magnetic field 
component with time through the magnetopause can 
therefore be related to distance through the boundary 
layer, and hence to the current profile (since: 
vnµ0|J|=δB/δt). This information is limited, of course 
by the relative scale size of the Cluster array and 
changing velocity at each spacecraft, since the 

of the curlometer to: flux tubes, 
represented by FTEs; the magnetotail; the cusp, and 

e which 
provides meaningful results. We have also 
highlighted some other recent gradient-based 
methods which add to the point by point analysis and 
give results which compare well with other methods. 
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